Tumor growth is angiogenesis dependent. We hypothesized that nonneoplastic tissue growth also depends on neovascularization. We chose adipose tissue as an experimental system because of its remodeling capacity. Mice from different obesity models received anti-angiogenic agents. Treatment resulted in dose-dependent, reversible weight reduction and adipose tissue loss. Marked vascular remodeling was evident in adipose tissue sections, which revealed decreased endothelial proliferation and increased apoptosis in treated mice compared with controls. Continuous treatment maintained mice near normal body weights for age without adverse effects. Metabolic adaptations in food intake, metabolic rate, and energy substrate utilization were associated with antiangiogenic weight loss. We conclude that adipose tissue mass is sensitive to angiogenesis inhibitors and can be regulated by its vasculature.
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S
ubstantial evidence has established that tumor growth is angiogenesis-dependent (1) . Neovascularization promotes tumor growth (2) , whereas angiogenesis inhibition prevents it, and can regress the lesions (3) . This raises the question of whether the endothelium functions similarly in nonneoplastic tissue growth (4) .
The challenges in addressing this question are that most adult tissues normally do not grow, their mass is stable, and the supporting vasculature is quiescent (5) . Exceptionally, adipose tissue can grow and regress throughout adulthood. It is highly vascularized and has angiogenic properties (6, 7) . An extensive capillary network surrounds each adipocyte, and there are few other resident cell types (8) . Therefore, adipose tissue is uniquely suited to study the role of angiogenesis in nonneoplastic adult tissue growth.
The potential for adipose tissue to grow and regress is substantial. One would expect the vasculature to have a commensurate capacity for remodeling. We hypothesized that adipose tissue growth is angiogenesis dependent and, therefore, may be inhibited by anti-angiogenesis agents. This would suggest that adipose tissue mass may be regulated via the vascular endothelium.
We primarily used ob͞ob mice because they rapidly accumulate adipose tissue (9) . This strain develops spontaneous obesity because of a lack of functional leptin, a protein secreted by adipocytes that acts on the hypothalamus to regulate appetite and metabolism (9) (10) (11) . Without leptin, animals eat excessively, expend less energy, and become morbidly obese. Leptin replacement induces weight loss in ob͞ob mice by specifically reducing adipose tissue (9), unlike diet restriction or appetite suppression (fenfluramine), which decreases both lean and fat mass (12, 13) .
We treated ob͞ob mice with various angiogenesis inhibitors. We primarily used TNP-470 (14) because of availability. TNP-470 inhibits endothelial cell proliferation in vitro (15) and angiogenesis in vivo (16) . At significantly higher concentrations, TNP-470 can also suppress nonendothelial cell proliferation (14, 17) . Angiostatin (kringle 1-4 domains of plasminogen) (18) and endostatin (a C-terminal fragment of collagen XVIII) (19) are angiogenesis inhibitors that act exclusively on endothelium. Bay-129566, a matrix metalloproteinase inhibitor (20) , and thalidomide (21) were also studied.
We show that adipose tissue growth is angiogenesis dependent. Body and adipose tissue weights of treated mice were significantly less than controls. Loss of adipose tissue mass was similar to that resulting from leptin replacement. We observed decreased endothelial cell proliferation and increased apoptosis in the adipose tissue of treated animals compared with controls, suggesting that adipose endothelial cells were sensitive to angiogenesis inhibitors. We have also begun exploring the metabolic consequences of anti-angiogenic-induced weight reduction and have found adaptations in food intake, metabolic rate, and preferred energy substrate. These studies suggest that adipose tissue mass can be regulated through the vascular endothelium. 
Methods
, and fat (Cpe fat ) mice (The Jackson Laboratory) were used according to institutional guidelines. We housed mice individually with free access to water and standard chow unless noted. We measured body weights and remaining chow daily. We anesthetized animals with isoflurane (Baxter) and killed them by continuous inhalation of CO 2 .
Solutions were prepared daily. TNP-470 (Takeda, Osaka; complexed with beta-cyclodextrin) was dissolved in saline and administered s.c. in rotating sites along the dorsum. Recombinant murine endostatin and angiostatin were produced in Escherichia coli, precipitated as nonrefolded proteins (18, 19) , and administered s.c. in saline at 50 mg͞kg per 12 h (endostatin and angiostatin) or 20 mg͞kg per day (angiostatin). Bay 12-9566 (Bayer, Elkhart, IN) was suspended in 0.5% carboxymethylcellulose͞0.2% Tween 80 and delivered via gastric lavage (100 mg͞kg per day). We injected thalidomide (Entremed) in 0.5% carboxymethylcellulose i.p.(150 mg͞kg per day). We administered leptin at 150 g͞kg per day (s.c. osmotic pump). Controls received the appropriate vehicle. We used the Kruskal-Wallis test to evaluate the overall treatment effect. Duncan's multiple range test on ranked data was used to compare results among treatment groups.
Cell Proliferation Assay. We washed confluent bovine capillary endothelial cell cultures with PBS and dispersed cells in 0.05% trypsin. Cells were resuspended in DMEM containing 10% bovine calf serum and 1% L-glutamine͞penicillin͞streptomycin and cultured on gelatinized plates (12,500 cells per well) (24 h). Media were replaced with assay media (DMEM͞5% bovine calf serum͞1% L-glutamine͞penicillin͞streptomycin) containing TNP-470 at 1 pg͞ml to 100 g͞ml for 30 min, and basic fibroblast growth factor (1 ng͞ml) was added. After 72 h, cells were dispersed in trypsin, resuspended in Hematall, and counted Abbreviation: vWF, von Willebrand factor. § To whom reprint requests should be addressed. E-mail: rupnick@hub.tch.harvard.edu. using a Coulter Counter. Following the above procedure, subconfluent 3T3-L1 cells were resuspended in DMEM containing 10% bovine calf serum, plated cells (8,000 cells per well), and were incubated in assay media without L-glutamine͞penicillin͞ streptomycin.
Serum Glucose. Blood was collected (100 l) from tail veins of anesthetized 9-month-old ob͞ob mice following 115 d of treatment with TNP-470 (10 mg͞kg per day) (n ϭ 5) or saline (n ϭ 13). Children's Hospital clinical chemistry laboratory (Boston) performed the measurements, which were compared using a one-tailed Student's t test.
Body Compositions. Bone-free lean body mass and fat mass were measured using a Lunar PIXImus J densitometer (Lunar, Madison, WI). Calibration was conducted using an aluminum͞lucite phantom (TBMD, 0.0594 g͞cm 2 , percent fat 12.4%). Mice were fasted (3 h), anesthetized (80 mg/kg ketamine͞10 mg/kg xylazine), and positioned with limbs extended. The imaging area was too small to contain the entire carcass, so the heads extended outside the field. We placed an exclusion region over any captured portion of the head to ensure that measurements represented only subcranial body composition. We scanned each mouse three times with intermittent repositioning. Similarly, double-fluorescent labeling enabled simultaneous detection of apoptotic cells (TUNEL assay) and endothelial cells. Apoptotic cells were identified using ApopTag plus in situ apoptosis detection kit (Integen) with a fluorescein tag. Sections were stained for endothelial cells (vWF) and counterstained (Hoechst 33258) as described.
Sections were preserved with Fluoromount G (Southern Biotechnology) and analyzed using a Zeiss Axiophot fluorescent microscope with a dual filter (FITC 485 nm, Texas Red, 510-560 nm). Sections were photographed at 40ϫ magnification with Ektachrome P1600 film.
We did not quantify proliferating or apoptotic adipocytes because cell diameters can exceed 150 m, and the frequency of visualizing adipocyte nuclei in thin sections was relatively low.
VO2 and Respiratory Exchange Ratio. Serial measurements were made in 10-week-old ob͞ob mice treated with TNP-470 (10 mg͞kg per day) or vehicle (n ϭ 3͞group) using an OXYMAX System (Columbus Instruments, Columbus, OH). Conditions were settling time (100 s), measuring time (50 s), and room air (reference). Animals were placed individually in 0.3-liter chambers, and resting measurements were collected (4 h).
Results

Body Weight Responses of Obese Mice to Angiogenesis Inhibitors.
TNP-470-treated ob͞ob mice dose-dependently (P Ͻ 0.05) lost weight, whereas controls gained (P Յ 0.003) (Fig. 1A) . To determine whether suppression of preadipocyte proliferation contributes to this effect, we treated 3T3-L1 preadipocytes (22) with TNP-470. A five logs greater TNP-470 concentration (10 g͞ml) was required for half-maximal cytostatic inhibition of 3T3-L1 preadipocytes compared with endothelial cells (100 pg͞ml, P Ͻ 0.05; data not shown). Although this supports an endothelial-mediated mechanism, we cannot exclude preadipocyte suppression. Therefore, we tested specific angiogenesis inhibitors. Obese mice treated with angiostatin at 20 mg͞kg per Twelve-week-old mice from various obesity models were treated with vehicle (solid bars) or TNP-470 (hatched bars) for 7 days (n ϭ 3 per group). These included agouti mice C57BL͞6J-A y (A y ), fat mice C57BLKS-Cpe fat ͞J (Cpe fat ), ob͞ob mice C57BL͞6J-Lep ob , and wild-type C57BL͞6J mice fed a high-fat diet consisting of 40% fat by calorie (n ϭ 3 per group).
day gained one-third that of controls (P Ͻ 0.05) (Fig. 1B) , whereas those receiving 50 mg͞kg per 12 h lost weight (P Ͻ 0.05). Angiostatin (up to 1 mg͞ml) did not effect 3T3-L1 cell proliferation (data not shown).
Comparatively, endostatin (P ϭ 0.02), Bay12-9566, thalidomide (P ϭ 0.01), angiostatin (P Ͻ 0.002), and TNP-470 (P ϭ 0.01) treated ob͞ob mice gained less or lost weight relative to controls (Fig. 1C) . TNP-470 (5 mg͞kg per day) and leptin (150 g͞kg per day) yielded similar results. Mice from other obesity models (A y , Cpe fat , C57BL͞6J mice on high-fat diet) treated with TNP-470 also weighed less than controls (P Յ 0.02) (Fig. 1C) .
Effects of Long-Term or Cycled Anti-Angiogenic Treatment of Obese
Mice. Daily TNP-470 treatment was well tolerated by ob͞ob mice for over one-fourth of their life spans (Fig. 2A) . Appetites decreased early but normalized despite continued therapy. Activity and grooming were maintained, and obesity-associated hyperglycemia was avoided (23) . Controls had elevated serum glucose levels (224 Ϯ 16 mg͞dl), whereas levels from TNP-470-treated ob͞ob mice (158 Ϯ 12.6 mg͞dl) were within normal range (62-175 mg͞dl) (24) .
Aged, relatively weight-stable ob͞ob mice with negligible adipose endothelial cell proliferation (data not shown) lost weight when treated with TNP-470, whereas controls slightly gained (P Ͻ 0.000002) (Fig. 2 A) . This suggests adipose vasculature is susceptible to inhibitors, even when not proliferating.
To test reversibility, we intermittently treated ob͞ob mice with TNP-470 until they reduced to the weight of age-matched C57BL͞6 mice, and then suspended treatment until mice regained (Fig. 2B) . Mice reduced weight while on TNP-470 and regained weight off treatment. At the bottom of the fourth cycle, control ob͞ob mice were morbidly obese, whereas treated ones were similar in weight to wild-type mice (Fig. 2C ).
Body Composition of Obese Mice Treated with Angiogenesis Inhibi-
tors. We compared body compositions (fat and bone-free lean mass) by using dual-energy x-ray absorptiometry in TNP-470-and leptin-treated ob͞ob mice (Fig. 3A) . Dual-energy x-ray absorptiometry yields results similar (25) or well correlated (26) to chemical carcass analysis. Mice lost similar weight with TNP-470 and leptin, whereas controls gained (P Ͻ 0.05). Food intakes in treated groups were comparable and less than controls (P Ͻ 0.0005) (Fig. 3B) . TNP-470 (30.4 Ϯ 1.9 g) and leptin (29.0 Ϯ 1.3 g) similarly reduced fat mass relative to controls (35.0 Ϯ 0.9 g) (P Յ 0.01) (Fig. 3C) , resulting in similar decreases in percent body fat (TNP-470 2.0 Ϯ 1.1%; leptin 3.0 Ϯ 0.6%). This was supported by significantly lower adipose tissue bed weights in both treated groups. For example, epididymal fat pad weights decreased from 1.73 Ϯ 0.27 g in control mice to 1.35 Ϯ 0.13 g with TNP-470 and to 1.33 Ϯ 0.17 g with leptin (P Յ 0.005). Subcutaneous fat pad weights decreased from 1.42 Ϯ 0.14 g in control mice to 1.25 Ϯ 0.19 g with TNP-470 and to 1.27 Ϯ 0.20 g with leptin (P Յ 0.05). Although insignificant, TNP-470-treated mice had the lowest average lean mass (control 18.5 Ϯ 0.4 g; TNP-470 17.1 Ϯ 0.8 g; leptin 18.15 Ϯ 0.5), suggesting modest protein loss.
Vascular Remodeling in Adipose Tissue During Weight Shifts.
We assessed cell proliferation (Fig. 4A Left) and apoptosis (Fig. 4A Right) in epididymal fat sections from treated and control ob͞ob mice. TNP-470 and leptin significantly decreased median percents of endothelial cell proliferation (Fig. 4B Left) and increased apoptosis (Fig. 4B Right) compared with controls. Wide ranges reflect heterogeneity. Endothelial apoptosis also predominated in adipose tissue of diet-restricted ob͞ob mice (data not shown).
Metabolic Studies on Obese Mice Treated with Angiogenesis Inhibi-
tors. Transiently decreased appetites in TNP-470-treated ob͞ob mice were reflected by weight loss in paired-fed animals (P Ͻ 0.05) (Fig. 5A) . Despite continued treatment, appetites normalized, as gauged by food intakes of C57BL͞6 mice of similar weight. At lower doses, appetite was proportionately less affected (data not shown). Angiostatin-treated ob͞ob mice also had decreased food intake (P Ͻ 0.05) (Fig. 5B) . Reduced appetite in both groups coincided with about 7% loss of initial body weight. Endostatin-treated ob͞ob mice had about 5% loss and no significant appetite effect (Fig. 5C) .
Basal metabolic rate, as indicated by oxygen consumption (VO 2 ), increased in TNP-470-treated ob͞ob mice by 4 days and (A) ob͞ob mice were treated with vehicle (n ϭ 4) or TNP-470 (10 mg͞kg͞day; n ϭ 6) starting at 8 weeks of age for 138 days, or at 6 months of age for 65 days. For comparison, the graph includes the growth curve of wild-type, agematched C57BL͞6 mice (n ϭ 5). (B) Mice were treated with TNP-470 (10 mg͞kg͞day; n ϭ 15) until they reduced to the weight of age-matched C57BL͞6 mice. We then discontinued treatment, and the mice were permitted to regain before treatment was restarted. We cycled treatment four times. (C) Photographs show a representative mouse from each group on 173 days (bottom of cycle 4). Except for superficial scarring, daily TNP-470 treatment was well tolerated.
in C57BL͞6 mice by 8 days (P Ͻ 0.05) ( Table 1) . VO 2 at 4, 12, and 24 h were unaltered (data not shown), although weight loss occurred by 24 h. Average body temperatures measured twice daily for 12 days via s.c. probes were similar in the control (95.3 Ϯ 1.1°F) and TNP-470 (94.8 Ϯ 0.8°F) treated mice (n ϭ 4͞group). Respiratory exchange ratio (respiratory exchange ratio ϭ VCO 2 ͞VO 2 ) decreased with TNP-470 by 8 days in both strains, suggesting the preferred energy substrate shifted from carbohydrates to fatty acids during weight loss (P Ͻ 0.05). Regressing fat is the likely fatty acid source and may contribute to transient appetite suppression (27) .
Discussion
These studies demonstrate that adipose tissue mass can be regulated through the vasculature and that metabolic changes accompany anti-angiogenic-induced weight loss, which may contribute to weight reduction.
Different angiogenesis inhibitors significantly decreased body and adipose tissue weights (Figs. 1 and 3) . We observed this effect in mice from distinct obesity models (Fig. 1) . The magnitude of reduction varied by strain and angiogenesis inhibitor. This may reflect differences in bioavailability, tissue or cell specificity, or mechanisms of actions. Genetic differences in the animals' angiogenic potential may also contribute (28) . Differences in percent body fat among the strains may also be a determining factor in their responsiveness. For example, ob͞ob mice have greater fat content, which if proportionately reduced by angiogenesis inhibitors, would result in greater weight loss.
Adipose tissue's capacity to grow throughout life suggests it maintains the ability to recruit new capillaries. In the cornea assay, fat induced neovascularization, whereas liver and muscle did not (29) . Angiogenesis and adipogenesis are spatially and temporally coupled during development (6) , and endothelial cell proliferation occurs in expanding adult adipose tissue (6) . This coordinated growth may be mediated by paracrine interactions between endothelial cells and adipocytes. Adipocytes produce endothelial cell-specific mitogens and angiogenic factors (6, 30) , such as monobutyrin (31) , vascular endothelial growth factor (32) , and leptin (7). Conversely, endothelial cells produce soluble and matrix-bound preadipocyte mitogens (33, 34) .
Weight reduction from angiogenesis inhibitors, leptin (Figs. 4 and 5), or diet restriction (data not shown) was associated with adipose endothelial cell apoptosis. Leptin-induced endothelial cell (35) and adipocyte (36) apoptosis during weight loss is recognized. Shifts from endothelial cell proliferation to apoptosis under various weight loss conditions suggest that vascular remodeling is a critical and common event during adipose tissue growth or regression. Whether weight loss leads to vascular regression or vice versa is likely a function of the initiating mechanism (37) . Preliminary studies showing reductions in the endothelial cell to adipocyte ratios in TNP-470-treated mice (data not shown) are consistent with vascular regression as the initial event, whereas, with caloric restriction and leptin, vascular remodeling is probably a secondary response.
Cycling and aged mice studies (Fig. 3) illustrate that adipose vessels are capable of extensive remodeling and remain susceptible to anti-angiogenic agents, even when not growing. These findings may be explained by results from subsequent studies in which we determined that regulation of vessel maturation through shifts in angiopoietin-1 is coordinated with the extent of adipose tissue remodeling (S.M.D., D. Zurakowski, J.F., K. S. Moulton, and M.A.R., unpublished results). We propose that adipose tissue vessels may be maintained in a relatively immature state compared with that of other organs that are weight stable. Because anti-angiogenic agents target growing or newly formed vessels (whereas mature vessels are not responsive), adipose tissue vasculature may remain susceptible, even when not actively growing. If so, adipose tissue may be selectively reduced by angiogenesis inhibitors, thus, resulting in weight loss.
Mechanisms governing metabolic adaptations in food intake, VO 2 , and respiratory exchange ratio (Table 1 ) during antiangiogenic-induced weight loss are unknown. Food intake decreased with TNP-470 and angiostatin in leptin-deficient mice (Fig. 5 ). This may be the result of a direct central effect, which can be investigated through intrathecal administration of each drug. Alternatively, it may be related to the shared action of the inhibitors and perhaps an indirect response to adipose tissue loss. Factors released from regressing adipose tissue may inhibit feeding, analogous to appetite suppression seen with glucose (38) or fatty acid infusions (27) . Treated animals preferentially used fatty acids as energy substrates during weight reduction. Despite continued TNP-470 treatment, body weights stabilize. Appetites increased, approximating that of wild-type mice of similar weight (data not shown). This suggests that the processes operating during weight reduction and weight maintenance may differ. We speculate that a leptin-independent feedback mechanism appropriately reduces appetite when anti-angiogenic agents prevent adipose tissue expansion.
Anti-angiogenic weight loss can occur without appetite changes as evidenced by endostatin (Fig. 5) and by low doses of TNP-470 or angiostatin (data not shown). Furthermore, treated mice weighed less than paired-fed mice having similar caloric intake. An increased metabolic rate in treated mice assists in accounting for these calories. A direct action on the adipocytes may also contribute.
Weight loss and appetite suppression are common nonspecific responses, thus necessitating consideration of drug toxicity. However, several observations favor a nontoxic mechanism. Weight reduction occurred with different angiogenesis inhibitors (Fig. 1) . Numerous studies safely use TNP-470 to inhibit tumor growth (mice, refs. 16 and 39; clinical trials, ref. 40) . Although toxicity can occur above the conventional anti-tumor dose (41), our maximum dose was two-thirds the anti-tumor dose. Mice treated daily for over 25% of their lifespan had no discernable ill effects, and food intake paralleled wild-type mice of compa- Fig. 5 . Appetite of ob͞ob mice treated with angiogenesis inhibitors. Eightweek-old ob͞ob mice (n ϭ 4 per group) with free access to chow were treated with (A) TNP-470 (10 mg͞kg͞day), (B) angiostatin (50 mg͞kg͞12 h), or (C) endostatin (50 mg͞kg per 12 h). We fed the amount consumed per day by each treated mouse to a paired mouse in a second, untreated group (n ϭ 4). We measured body weights of treated, paired-fed, and control mice daily. rable weight. Long-term or repeated exposures did not impede mice from regaining weight off therapy. Mice regained at an accelerated rate, which resembled rebound weight gain after caloric restriction in healthy animals (42, 43) . Body compositions of TNP-470-and leptin-treated mice were comparable following similar weight losses (Fig. 3 ). These observations argue against a toxic etiology. Instead, the data suggest TNP-470-induced weight reduction beginning with angiogenesis inhibition in adipose tissue, followed by subsequent effects on appetite, fuel utilization, and energy expenditure. The mechanism by which limiting vascular supply in fat affects these other parameters is presently unknown, but may be because of adipocyte-secreted factors. Endothelium also mediates prostate growth (44) and supplies signals during organogenesis (45, 46) . We propose angiogenesis mediators may be a means of regulating adipose tissue mass and that endothelium may have a role in regulating the mass of other adult tissues.
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